Introduction
Worldwide, hypertensive disorders of pregnancy are responsible for around 18% of maternal deaths each year (62,000 -77,000 deaths/annum) [1, 2] . Pre-eclampsia (PE) is a major cause of maternal and perinatal morbidity and mortality affecting approximately 2% of all pregnant women [3] . Women with type 1 and 2 diabetes mellitus (DM), a body mass index (BMI) >35kg/m 2 , essential hypertension, a previous history of PE, thrombophilia or autoimmune disease are at increased risk of adverse pregnancy outcomes, including PE [4] .
The clinical significance of PE has resulted in it being the focus of research designed to improve our understanding of its aetiology and to develop better models of prediction.
Predictive models have included maternal characteristics, assessment of previous obstetric history and inclusion of biophysical parameters such as maternal blood pressure, BMI and measurement of uterine artery Doppler. More recently, there has been increasing interest in 3-Dimensional Power Doppler (3DPD) acquisition of placental volume and placental vascularization indices (PVIs) and whether these might add to the predictive ability of established clinical and maternal serum and urine biomarkers [5] [6] [7] [8] [9] [10] [11] [12] .
Given that PE is in part attributed to a failure of placentation and remodelling of the maternal vasculature [13] ; 3DPD evaluation of the placenta has the unique potential to offer clinicians a non-invasive means of assessing placental volume and PVIs [14] . The principle underlying measurement of colour flow Doppler is Doppler shift; defined as the difference between the frequency of received echoes from moving blood red cells and wave frequency transmitted by the transducer [15] . In contrast to frequency dependent colour flow Doppler, power Doppler ultrasound uses the amplitude component of signals received from the region of interest to represent the number of moving cells [16] . Subsequently, power Doppler is sensitive to low flow, is less angle dependent and not susceptible to aliasing [17] .
A number of studies across general obstetric cohorts have shown significantly lower first trimester PVIs in women who subsequently develop PE [18] , however little is known about the performance of PVIs for prediction of PE in high-risk women. The aim of this study was to assess the ability of PVIs measured in the first and second trimester to predict PE in a carefully characterised high-risk population. An additional aim was to evaluate the added clinical utility of PVIs for prediction of PE to that of established risk factors in high-risk women.
Materials and methods
The study population comprised high-risk women recruited to the PREDICT study (Prediction of PE in high-risk women) from a tertiary maternity unit in Northern Ireland (NI) between December 2014 and August 2016. The PREDICT study evaluated the clinical utility of whole volume derived 3DPD PVIs and serum biomarkers to predict PE in high-risk women in the first and second trimester of pregnancy. Written informed consent was obtained from all women. The Office for Research Ethics Committees NI (ORECNI) provided ethical approval (14/NI/1068).
Eligible women aged ≥18 years with a singleton pregnancy were recruited to one of four high-risk groups at 11+0-13+6 weeks gestation: (1) diabetes; pre-existing type 1 and type 2 diabetes (2) obesity; booking BMI >35 kg/m 2 (3) hypertension; essential hypertension, a previous obstetric history of PE, intrauterine growth restriction (IUGR) or renal disease (4) autoimmune; known thrombophilia or autoimmune disease.
The primary outcome was PE, defined as hypertension after 20 weeks gestation and the coexistence of one or more of the following new-onset conditions: (1) proteinuria (2) maternal organ dysfunction or (3) uteroplacental dysfunction (i.e.) fetal growth restriction, in accordance with the International Society for the Study of Hypertension in Pregnancy (ISSHP) guidelines [19] . The diagnosis of PE was independently confirmed by three clinicians.
All participants attended for two study visits at 11+0-13+6 (visit 1) and 19+0-21+6 weeks gestation (visit 2). Scans were performed by one trained operator blinded to outcomes using a Voluson E8 ultrasound machine (GE Healthcare, MDI Medical (NI) Ltd) equipped with a 3D/4D convex transducer (2) (3) (4) (5) (6) (7) (8) . Initial machine settings were based on those reported by Odibo et al. in an unselected obstetric population [20] . Additional work was undertaken to establish optimal machine settings in order to improve image quality, particularly in women with higher body mass indexes. Machine settings were subsequently optimised and maintained for all scans to help standardize the imaging technique (3DPD : depth 10.1cm, 
Statistical analysis
Preliminary comparison of baseline maternal characteristics in women who developed PE and those who did not was performed using independent sample t tests and χ 2 tests. Mean values (standard deviation, SD) of PV, VI, FI and VFI are reported for cases and non-cases of PE.
Logistic regression models using PE as the primary outcome were determined for each PVI in each high-risk group. To facilitate comparison of placental parameters in regression models, PVIs were standardized to have a mean of 0 and a standard deviation (SD) of 1 and results presented as standardized odds ratios. Covariates included: study group, age, BMI, smoking status, aspirin use (at visit 1 and visit 2), parity, material deprivation of area of residence and mean arterial pressure (MAP) (at visit 1 and visit 2). The area under the receiver operating characteristic (ROC) curve was used to assess the ability of each PVI to predict PE in high-risk women. Logistic regression analysis provided predicted probabilities of PE for a base model containing established risk factors and for models obtained by the addition of each PVI to the base model. These predicted probabilities were used to derive ROC curves, and the increase in the area under these curves was assessed for significance [22] .
To quantify the added value of PVIs to that of established clinical risk factors for prediction of PE, Integrated Discrimination Improvement (IDI) and category-free Net Reclassification Improvement (NRI) indices were calculated [23] . These incorporated predicted probabilities of development of PE for each woman derived from logistic regression models [24] . These indices offer additional information regarding the incremental yield of a new biomarker over the area under the ROC curve. The NRI was calculated on a continuous, uncategorised basis [23] . Defining PE as the event, it is described as the sum of NRI (events) and NRI (non-events) where NRI represents the proportion of women reclassified to a more appropriate risk on addition of the PVI to the logistic regression [24] . In women who developed PE, if the addition of the PVI results in more individuals being reclassified to a higher risk, then the NRI (events) is positive. For women who did not develop PE, if more women are assigned as lower risk, then the NRI (non-events) is positive. IDI was defined as the average increase in predicted risk of PE in women with PE added to the average decrease in predicted risk in women without PE [24] .
A 20% incidence of PE was assumed in the high-risk groups [25] [26] [27] . With an assumed interpatient SD in VFI of 5.2 [20] , a sample size of 200 women in the high-risk groups was sufficient to give 90% power to detect a difference of 3.0 in mean VFI between women who did not develop PE (expected size 160) and women who did (expected size 40). Statistical analysis was performed using SPSS version 21 (IBM Corp., Armonk, NY), Stata release 14 (StataCorp, College Station, TX) and the Hmisc package in R version 3.1.3 (R Core Team, Vienna, Austria).
Results
A total of 202 high-risk women were enrolled in the PREDICT study. Analysis of placental parameters by primary outcome (PE) in high-risk women was performed at two time points; visit 1 at 11+0-13+6 weeks (n=194) and visit 2 at 19+0-21+6 weeks gestation (n=195). One woman had no PVIs stored for visit 1. The overall rate of PE was 12% (n=26).
Baseline maternal characteristics are shown in table 1. No statistically significant differences in parity, age, ethnicity, BMI, gestational age at booking, smoking status, full time education, social deprivation, pregnancy intention or attendance at pre-pregnancy counselling or study grouping were noted between women who developed PE and those who did not. Table 2 compares mean placental volume and PVIs in women with PE and those without PE. In the first trimester, all PVIs were significantly lower in the PE group. There was no significant difference in mean placental volume between the two groups. At visit 2, mean FI was lower in women with PE. There was no significant difference in mean VI and VFI between the two groups. Similar to visit 1, mean placental volume in the second trimester was non-significantly lower in women with PE. Additional analysis was performed to investigate the change in placental measurements between visit 1 and visit 2 for women with and without PE; however this analysis did not yield any significant results.
Reliability analysis was conducted for a subset of images chosen at random (n=30). Images The relationship between placental volume, PVIs and risk of PE was explored using logistic regression models both unadjusted and after controlling for clinical risk factors: study group, age, BMI, smoking status, aspirin use, parity, material deprivation of area of residence and MAP (table 3). In the first trimester, the associations between VI, FI and VFI and risk of developing PE remained significant after adjustment. In particular, a 1 SD increase in VFI was associated with a 68% reduction in the odds of PE in high-risk women (OR 0.32, 95% 0.14-0.72, P=0.01). In the second trimester, only FI remained significant following adjustment; a 1 SD increase in FI was associated with a 47% reduction in the odds of developing PE (OR 0.53, 95% CI 0.29-0.97, P=0.04). To determine the ability of PVIs to improve prediction of PE in addition to maternal baseline characteristics, NRI and IDI statistics were calculated (table 4). In the first trimester, both the NRI and IDI showed that the addition of VI and VFI to established clinical risk factors significantly increased correct classification and discrimination of cases and non-cases of PE.
Receiver
In the second trimester, the IDI statistic demonstrated that addition of FI to established risk factors significantly improved discrimination between cases and non-cases.
Discussion
The aim of the PREDICT study was to examine novel predictive markers of PE, a highly significant and clinically relevant global health problem. To our knowledge, this is the first study which prospectively examines the clinical utility of PVIs obtained by whole volume 3DPD placental scanning to predict PE in carefully defined groups of high-risk women.
We have shown significantly lower first trimester PVIs in high-risk women who subsequently develop PE. This supports previous findings in unselected study populations [9] [10] [11] 18] . All PVIs remained significant predictors of PE in logistic regression models controlling for baseline characteristics in the first trimester. Higher values of PVIs were associated with a reduction in odds of developing PE in the first trimester. Of importance, NRI and IDI analyses confirmed the added clinical utility of VI and VFI, in addition to models incorporating baseline maternal characteristics at 11+0-13+6 weeks.
Little is known about the performance of PVIs for prediction of PE in the second trimester of pregnancy. FI and VFI were significantly lower in women with PE in the second trimester, however only FI remained a significant predictor of PE in adjusted logistic regression models. Examining the added clinical utility of FI confirmed significant improvement in discrimination of cases (IDI) but no improvement in the reclassification of cases (NRI).
Difficulty imaging the placenta in the second trimester may have impacted the performance of PVIs. Despite adjustments to optimise sector width, it was not always possible to scan large placental masses in their entirety. This technical challenge was previously reported by Lai et al. who thought it may have influenced acquisition of standardized measurements [28] .
Further research is required to evaluate performance of 3DPD imaging in specific high-risk obstetric subgroups. To date, limited research investigating the role of PVIs to aid management of pregnancies complicated by DM exists [29, 30] . Previously reported decreases in VI and VFI in diabetic placentas [29, 30] may be as a result of down-regulated angiogenesis, diminished number of arterioles and hypertrophy of vessel walls, while reductions in FI are thought to be the a result of narrowed vascular diameter [31] . These findings remain debated with, Rizzo et al. noting higher first trimester PVIs in women with type I DM (n=32) and highest PVIS observed in women with poorest glycaemic control (HbA1c ≥7%) [32] . A potential explanation may be attributed to the gestation at which PVIs in women with diabetes were acquired. In the first trimester, hyperglycaemia triggers vasculogenesis but vasculopathy occurs later [31] ; therefore reduction in placental blood flow (FI) and alterations in vascularization indices typically noted in later pregnancy are not yet apparent [31, 33] . Variation in the performance of PVIs has also been demonstrated in pregnancies complicated by chronic hypertension (CH), gestational hypertension and PE (n=226) [34, 35] . Compared with controls, VI was higher in pregnancies complicated by CH and FI was significantly lower in all hypertensive groups [34] . The authors suggested that the increase in VI noted in women with CH may represent a placental response ─ elevated vascularization rate ─ to increased maternal blood pressure and hypothesised that the reduction in FI seen throughout the groups reflected impaired perfusion in the placenta [34] . Within obese cohorts, it has been suggested that flow indices are relatively unreliable for prediction of PE [9] , and that future research should focus only on the role of vascularization indices (VI and VFI) [9, 36] . Flow indices are depth dependent and, in the obese population, there is an increased distance from the placenta to the abdominal surface which may influence performance of FI. In addition, excess adipose tissue increases attenuation of ultrasound signal, resulting in impaired absorption by placental tissue [37] .
The PREDICT study has a number of strengths including adherence to strict inclusion and exclusion criteria, ensuring that pregnancies were carefully characterised prior to enrolment. There was a low attrition rate and sample size was achieved. PVI measurements were obtained by a single operator, and the primary outcome (PE) was carefully defined [19] and independently verified by three clinicians. The comprehensive and detailed statistical analysis strategy allowed construction of screening models involving potential predictor variables for PE. There are a number of limitations; in particular, the lower than anticipated rate of PE (12%) which reduced the power of the study. Sample size was calculated on the assumption of a 20% incidence of PE [25] [26] [27] . The reduced incidence of PE may have been due to the influence of prevention strategies, such as aspirin use, or availability of dedicated specialist care. In addition, the numbers within each of the subgroups were relatively small, as some of these women, such as those with diabetes, were difficult to recruit. Given the small numbers of women with PE in the overall cohort, it was not feasible to sub-divide the group further in order to evaluate performance of PVIs in cases of early-onset PE (before 34 weeks gestation) and late-onset PE (after 37 weeks gestation). It should also be acknowledged that the final logistic regression models were adjusted for a number of covariates; this may confer a risk of over adjustment in the model.
There remains ongoing controversy regarding application of 3DPD imaging in clinical practice [38] . In contrast to frequency dependent colour flow Doppler, power Doppler ultrasound uses the amplitude component of signals received from the region of interest to represent the number of moving cells [16] . Subsequently, power Doppler is sensitive to low flow, is less angle dependent and not susceptible to aliasing [17] . Raine-Fenning et al. have demonstrated the influence of volume flow, attenuation, vessel number and erythrocyte density on performance of PVIs [39] . In addition, a number of studies have highlighted the impact of machine settings on performance of PVIs; in particular the effect of, WMF, PRF and gain [40] [41] [42] . In the PREDICT study, WMF and PRF were standardized and maintained for all scans, however gain was individualised in order to optimize images and account for inter-subject variability in attenuation. If 3DPD imaging was to be introduced for prediction of PE within a clinical setting, strict adherence to pre-defined machine settings would be imperative.
Data from the PREDICT study show the ability of PVIs to predict PE in high-risk pregnancies, particularly in the first trimester. The results are of clinical significance and have the potential to identify at risk women, over and above established risk factors, in early pregnancy at a time when they can be targeted for preventive strategies. Further research is required to evaluate performance of PVIs within larger specific high-risk cohorts and to investigate the clinical utility of this technique in the second trimester of pregnancy. .001) trimester. In addition, there were significant differences in mean PV when comparing the obese (235.6 cm 3 ) and autoimmune groups (174.7cm 3 ); P=0.002. Sub-group analysis showed that mean PV was lower in women with diabetes who later developed PE in comparison to those who did not (33.7 (6.0) v 52.2 (15.9) cm 3 , P=0.03. In the hypertensive group, women with PE had significantly lower mean values of VI (8.7 v 15.6%, P=0.03) and VFI (2.5 v 7.5, P=0.03) in the first trimester.
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